Studies of embryo cryopreservation efficiency have focused mainly on technical and embryo factors. To determine how a slow freezing process affects embryo and fetal development, we studied in vivo development ability after the freezing procedure by assessing blastocyst development at Day 6, implantation, and birth rates. A transcriptional microarray study was also performed to compare gene expression of 6-day-old rabbit embryos previously frozen and transferred into recipient rabbit females to their in vivo counterparts. Our goal was to study which alteration caused by the freezing procedure still remained in late blastocyst stage just at the time when the implantation process began. A microarray specifically designed to study rabbit gene expression profiling was used in this study. Lower implantation and birth rates were obtained in frozen embryos than in the control group (29.9% and 25.7% vs 88.5% and 70.8% for frozen and control embryos, respectively). Likewise, differences were also observed in gene expression profiles. Compared to 6-day-old in vivo-derived embryos, viable frozen embryos presented 70 differentially expressed genes, 24 upregulated and 46 downregulated. In conclusion, our findings showed that the slow freezing process affected late blastocyst development, implantation, and birth rates and that the gene expression alterations identified at late blastocyst stage could be useful in understanding the differences in developmental potential observed and the deficiencies that might hinder implantation and fetal development.
INTRODUCTION
Since the first offspring was reported by Whittingham et al. [1] , cryopreservation of mammal embryos has been considered an important tool in reproductive biotechnology, to improve reproductive efficiency and to prevent loss of biodiversity [2] . As a result, over the last 40 years, embryos from at least 22 mammalian species of six taxonomic orders have been frozen [3] , but with inconsistent results among species or embryo developmental stages [4] . Moreover, the remaining effects of the cryopreservation process in many of these species have not yet been studied.
Evaluation of the procedure has frequently been limited to analysis of morphological damage or estimated by the in vitro development ability to later stages. In the best case scenario, after undamaged morphological embryos have been transferred, the implantation and birth rates do not exceed 50%, and slight changes in procedure can seriously alter these results [5, 6] .
Cryoinjuries such as chilling and intracellular ice formation, solution effect, and cryoprotectant toxicity cause structural or morphological alterations that can be easily assessed, allowing exclusion of damaged embryos. However, cellular physiological changes in intact embryos are difficult to estimate and contribute to the variability of in vitro and in vivo survival rates.
Several studies have demonstrated that the cryopreservation process influences embryo gene expression, and alterations due to cryopreservation conditions have been observed in a relative abundance of specific transcripts related to development [7] , metabolism [8] , cellular stress [9] , and apoptosis [9, 10] . However, few reports have analyzed the effects of slow freezing method on whole-embryo transcriptome before the implantation process begins [11, 12] . Specifically, studies in in vitro cultured mouse blastocysts identified altered expression of 115 and 288 genes related to protein metabolism, transcription, cell cycle organization, signal transduction, stress, and development, among others. However, it has been shown that in vitro culture systems do not mimic the uterine environment, and in vitro-developed embryos differ from their in vivo counterparts [13] [14] [15] [16] [17] .
The aim of our study was to examine the global changes in gene expression profile induced by slow freezing procedure in viable 6-day-old rabbit embryos and link them with implantation and birth rate.
MATERIAL AND METHODS
Unless stated otherwise, all chemicals in this study were purchased from Sigma-Aldrich Química S.A.
Animals
All experimental procedures involving animals were approved by the Research Ethics Committee of the Universidad Politécnica de Valencia (UPV) and licensed by European Community Directive 86/609/EC. Rabbit does used as donors and recipients belonging to the New Zealand White line from the Instituto de Ciencia y Tecnología Animal at the UPV.
Experimental Design
The experimental design followed in this study is shown in Figure 1 . Briefly, to evaluate in vivo development ability of frozen rabbit embryos, late blastocyst development at Day 6, implantation at Day 15, and birth rates were compared to those of fresh control embryos. To assess gene expression alterations, a transcriptional microarray study was performed comparing transcript patterns of 6-day-old in vivo-produced embryos to those of 6-dayold embryos previously frozen at the third day of development and transferred into recipient rabbit females.
Embryo Collection
Donor does were artificially inseminated with pooled sperm from fertile males and slaughtered at 72 h postinsemination. Embryos were recovered by perfusion of each oviduct and uterine horn with 10 ml of prewarmed Dulbecco PBS (DPBS) supplemented with 0.2% bovine serum albumin (BSA). Morphologically normal embryos were distributed in pools of 15 embryos for fresh transfer or freezing.
Freezing and Thawing Procedure
A total of 327 embryos were frozen according to the method of Salvetti et al. [18] . Embryos were placed successively for 5 min each into three different solutions consisting of 0.5 M, 1 M, and 1.5 M dimethyl sulfoxide (DMSO) in DPBS supplemented with 0.2% BSA. Then, the embryos suspended in the cryopreservation medium were loaded into 0.125-ml sterile plastic straws and submitted to slow freezing at 58C/min to À78C in a programmable freezer (Cryocell 1200; IMV Technologies). Five minutes later, manual seeding was performed, and after 5 min embryos were cooled at 0.58C/min to À358C. After that, the straws were plunged directly into liquid nitrogen. Thawing was performed by placing the straws in air at room temperature for 10 sec and then in a water bath at 208C for 1 min. The cryopreservation medium was removed in three steps of 5 min each, in which embryos were placed successively in three wash solutions consisting of 1 M, 0.5 M, and 0 M DMSO in DPBS supplemented with BSA.
Embryo Transfer by Laparoscopy
A total of 244 frozen and 195 fresh, morphologically normal embryos were transferred into oviducts by laparoscopy to 31 recipient does (13 to 15 embryos per recipient) following the procedure described by Besenfelder and Brem [19] . Ovulation was induced in recipient does at 68-72 h with an intramuscular dose of 1 mg of buserelin acetate. Anesthesia was performed by intramuscular injection FIG. 1. Flow chart of the experiment and age of embryos used. To evaluate in vivo development ability, we compared late blastocyst recovery at 6 days, implantation at 15 days (diagnosed by laparoscopy), and birth rates (counted as number of total kits born) of frozen embryos with those of fresh control embryos. Effects of slow freezing procedure on viable late blastocyst transcriptome were evaluated by microarray analysis at 6 days. Embryonic Development, Implantation, and Delivery Rates
To evaluate late blastocyst development rate, 14 recipient does (7 recipient does transferred with frozen embryos and 7 with fresh embryos) were slaughtered 72 h after transfer, and 6-day-old embryos were recovered by perfusion of each uterine horn with 20 ml of DPBS supplemented with 0.2% of BSA.
Survival rates of frozen and fresh embryos were assessed by laparoscopy in the remaining recipient does (17) on the basis of implantation rate (number of implanted embryos at Day 15 from total embryos transferred) and birth rate (number of kits born/total embryos transferred).
To establish the control group for gene expression analysis, 6 inseminated does were slaughtered at 144 h postinsemination, and 64 6-day-old in vivodeveloped blastocysts were recovered following the same protocol described above (88.9% related to ovulation rate, estimated as the number forming corpora lutea).
RNA Extraction, Amplification, and Sample Labeling
As the amount of RNA present in a single embryo is limited [20] , nine independent pools consisting of 6-8 embryos each were produced for each experimental group (control and frozen). Three of them were used as biological replicates for the microarray analysis. Total RNA was isolated using traditional phenol-chloroform extraction by sonication in TRIzol reagent (Invitrogen S.A). RNA concentration, quality, and integrity were evaluated by using a Bioanalyzer 2100 unit (Agilent Technologies). Afterward, 100 ng of total RNA was amplified and labeled using a QuickAmp labeling kit (Agilent Technologies) following the manufacturer's instructions. Control embryo samples were labeled with cyanine 3 (Cy3) dye and frozen embryo samples with Cy5 dye, except for the dye-swap samples. Excess dye was removed with QIAquick PCR purification kit (Qiagen), and dye incorporation and concentration were determined using the microarray setting on the Nanodrop 1000 (Thermo Scientific).
Hybridization, Washing, and Scanning of Microarrays
Equal amounts of Cy3-and Cy5-labeled samples (825 ng) were mixed with 103 blocking agent and fragmentation buffer, and then 55 ll of the mixture was hybridized into the rabbit 443 oligonucleotide array G2519F (Agilent Technologies). After 17 h at 658C, hybridized slides were washed and scanned using the DNA microarray scanner G2565B (Agilent Technologies).
Microarray Data Analysis
Resulting images were processed using Feature Extraction version 10 software (Agilent Technologies) with default parameters. To correct dye bias between the red and green channels, the dye-normalized signal was calculated using the locally weighted linear regression (LOWESS) algorithm in each dye channel. Problematic probes identified as flag outliers were filtered using GeneSpring version 11.5 software (Agilent Technologies). An unsupervised analysis of global gene expression was performed using principal components analysis. Identification of differentially expressed transcripts from 6-day-old blastocysts was achieved using the Limma algorithm implemented in the Babelomics Web tool (http://www.babelomics.org) [21] . P values were adjusted for multiple testing using the Benjamini and Hochberg false discovery rate (FDR), and differences in P values of ,0.05 were considered significant. Then, a hierarchical clustering of samples and differentially expressed genes was performed using the unweighted pair group method with arithmetic mean, also implemented in the Babelomics tool. To obtain fold change values, the log2 transformed ratio of red and green signals was first calculated for each probe. Then, all probes related to the same specific transcript were averaged by biological sample, and the means 6 SEM of the three biological samples are shown in Tables 3 and 4 . Annotation of differentially expressed genes was performed by Blast2GO version 2.4.9 software with default parameters [22] . 
mRNA EXPRESSION IN RABBIT EMBRYOS AFTER FREEZING
ESM1 ENSOCUT00000011600 Endothelial cell-specific molecule 1 1.5 0.17 HESX1 ENSOCUT00000005972 Homeobox expressed in ES cells 1 1.5 0.24 ITGA1 ENSOCUT00000011375 Integrin alpha-1 1.5 0.12 TNNC1 ENSOCUT00000007980 Troponin C 1.5 0.14 BPI NM_001195804 Bactericidal/permeability-increasing protein 1.4 0.10 MAOA ENSOCUT00000001433 Monoamine oxidase type A 1.4 0.14 NR3C1 ENSOCUT00000011676 Glucocorticoid receptor 1.4 0.05 A_04_P066397 ENSOCUT00000007509 PREDICTED: Nidogen 1 1.4 0.15 A_04_P029036 EC625090 PREDICTED: Troponin C 1.4 0.14 APOA-2 ENSOCUT00000013521 Apolipoprotein A-2 1.3 0.17 APOB ENSOCUT00000005339 Apolipoprotein B 1.3 0.10 DKK1 ENSOCUT00000011482 Dickkopf 1 homolog 1.3 0.16 OTC ENSOCUT00000010529 Ornithine carbamoyltransferase, mitochondrial 1.3 0.18 RBP4 ENSOCUT00000010524 Retinol binding protein 4 1.3 0.20 RTKN2 ENSOCUT00000001689 Rhotekin 2 1.3 0.15 TRF ENSOCUT00000007617 Serotransferrin 1.3 0.08 A_04_P001876 NM_001082112 Cerebellar Calbindin 1.3 0.25 APOM ENSOCUT00000007927 Apolipoprotein M 1.2 0.18 CPSI ENSOCUT00000017724 Carbamoyl-phosphate synthetase I 1.2 0.16 IGF 1 ENSOCUT00000014681 Insulin-like growth factor 1 1.2 0.10 PLOD2 ENSOCUT00000001464 Procollagen-lysine, 2
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Finally, a Fisher exact test with FDR multiple testing correction was performed to find out the functional categories that were over-or under-represented in the set of differentially expressed genes, using the whole set of microarray genes as reference. Differences with a P value ,0.0 5 were considered significant. All data sets related to this study were deposited in National Center for Biotechnology Information Gene Expression Omnibus [23] and are accessible through GEO series accession number GSE32263.
Quantitative RT-PCR
To validate the microarray results obtained, eight genes (C1QTNF1, C1q and tumor necrosis factor related protein 1; SCGB1A1, secretoglobin family 1A member 1; ITGA1, integrin alpha 1; IGF1, insulin-like growth factor 1; ANXA3, annexin A3; EMP1, epithelial membrane protein 1; EGFLAM, EGF-like, fibronectin type III and laminin G domains; and TNFAIP6, tumor necrosis factor alpha-induced protein 6) that showed a significant difference between experimental groups were selected and analyzed in nine independent pool samples. Genes were chosen for their importance in embryo and fetal development. To prevent DNA contamination, one deoxyribonuclease treatment step (gDNA Wipeout buffer; Qiagen) was performed with total RNA (1000 ng). Then, reverse transcription was carried out using the reverse transcriptase Quantitect kit (Qiagen) according to the manufacturer's instructions. Real-time PCR reactions were conducted with model 7500 unit (Applied Biosystems). Every PCR was performed with 5 ll of cDNA template diluted 1:40, 250 nM forward and reverse specific primers (Table 1) , and 10 ll of PowerSYBR Green PCR Master Mix (Fermentas GMBH) in a final volume of 20 ll. The PCR protocol included an initial step of 508C for 2 min, followed by 958C for 10 min, and 42 cycles of 958C for 15 sec, and 608C for 60 sec. After realtime PCR, a melting curve analysis was performed by slowly increasing the temperature from 658C to 958C, with continuous recording of changes in fluorescent emission intensity. Amplification products were confirmed by SYBR Green-stained 2% agarose gel electrophoresis in 13 Bionic buffer. Serial dilutions of cDNA pool made from several samples were done to assess PCR efficiency. The DDC t method adjusted for PCR efficiency was used [24] , using the geometric average of H2AFZ (H2A histone family member Z) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as normalization factor [25] . Relative expression of the cDNA pool from various samples was used as the calibrator.
Statistical Analysis
Survival at Day 6 and Day 15, birth, and fetal loss rates were analyzed using a chi-square test with Yates' correction. Differences in mRNA expression levels among different groups in each comparison were analyzed by one-way ANOVA, using the general linear models procedure after Neperian logarithm transformation. Analyses were performed with SPSS version 16.0 software (SPSS Inc.). Differences with a P value of ,0.05 were considered significant.
RESULTS

Evaluation of In Vivo Development Ability at Day 6, Day 15, and Birth
After the thawing step, only nondamaged frozen embryos with intact zona pellucida and mucin covers were considered transferable embryos (74.6%). Significant differences were found between survival rates of fresh control and frozen embryos at Day 6, Day 15, and birth (Table 2) . After 3 days of in vivo development, 59.8% of frozen embryos reached late blastocyst stage at Day 6 ( Fig. 2) , in contrast to 88.9% of fresh control embryos. Implantation at Day 15 and birth rates were also higher in fresh control than in frozen embryos (85.5% vs. 29.9% and 70.8% vs. 25.2%, respectively, P , 0.05). However, fetal losses were similar (20.0% vs. 15.9%, respectively).
In the case of frozen embryos, three of the receptive does failed to achieve pregnancy. However, if we removed data from the final analysis, the statistical differences would not change (85.5% vs. 43.1% and 70.8% vs. 36.3%, respectively, data not shown in tables).
Evaluation of Differential Gene Expression After Slow Freezing and Transfer Procedure
Principal components analysis showed that samples from the same group clustered together (see Supplemental Figure S1 , available online at www.biolreprod.org). Limma analysis of the Tables 3 and  4 , respectively. Hierarchical clustering after Limma analysis is shown in Figure 3 .
Gene ontology (GO) terms that were overrepresented from the list of differentially expressed genes in viable frozen embryos are shown in Table 5 . For molecular function, the most represented categories of altered genes were those for lipase and phospholipase A2 inhibitor activity and lipid binding. In addition, it is important to point out that mitochondrial membranes and envelopes were the principal cellular components altered. As far as biological process is concerned, significant annotations were related to metabolic process, regulation process, cellular component organization, and response to chemical stimulus. Specifically, biological process vocabulary items assigned to up-and downregulated genes in frozen embryos are shown in Figure 4 .
Microarray Data Validation Through Quantitative RT-PCR for Selected Genes
Microarray results were validated by quantitative (Q)-RT-PCR, and nine samples for each experimental group (fresh control and frozen embryos) were used as biological replicates. Eight genes (C1QTNF1, SCGB1A1, ITGA1, IGF1, ANXA3, EMP1, EGFLAM, TNFAIP6) found differentially expressed by microarray were tested. In the microarray results, significant differences were observed in transcript abundance of C1QTNF1, SCGB1A1, IGF, ANXA3, EMP1, EGFLAM and TNFAIP6 (Fig. 5) . However, in the case of ITGA1, no significant downregulation was detected in frozen embryos.
DISCUSSION
The freezing process causes irreparable damage derived from chilling and osmotic injuries; intracellular ice; and alterations of membranes and intracellular organelles, cytoskeleton, and cell-to-cell contacts, which could hamper preimplantation development [3, 5, 26] . Formation of a competent blastocyst is required for implantation and establishment of pregnancy [27] , so those frozen embryos that were most injured and lacking sufficient quality would be quickly reabsorbed by the maternal reproductive tract. For these reasons, in our study, in vivo development of frozen embryo to the late blastocyst resulted in significantly lower recovery rates (59.8% vs. 88.9% in frozen vs. fresh control, respectively). However, residual damage in surviving late blastocysts seems to still be present at the molecular level before the implantation process begins. In that sense, both the implantation and birth rates obtained were lower for frozen embryos, similar to findings in previous studies in rabbit [28] [29] [30] [31] [32] 18] . Specifically in our work, from 29.9% of frozen embryos implanted, 84.1% were born alive from all recipient does, as is usual for rabbits (at approximately 20% of postimplantational losses [33] [34] [35] ). These observations suggest that embryos that have overcome alterations caused by slow freezing procedure (including embryo recovery, freezing, and transfer) and initiate placenta formation would have the same ability to reach the end of pregnancy as the those in the control group.
After a transcriptomic microarray analysis, we identified 70 significantly altered transcripts that frozen late blastocysts were unable to resolve after 3 days of in vivo development. Because implantation rates were lower in frozen embryos while fetal loss rates were constant between both embryo groups, we suggested that those 24 genes upregulated and 46 genes downregulated were candidate genes which could entail failures in maternal-embryo cross-talk, apposition, attachment, and formation of the placenta before Day 15 of development. Functional annotation analysis revealed an overrepresentation in GO biological process categories such as cellular component organization, organic ether metabolic processes, anion homeostasis, regulation of lipid metabolic and catabolic processes, and responses to chemical stimulus and organic substance. Likewise, an overrepresentation of genes involved in mitochondrial structure, lipid binding, and lipase inhibitor activity was also observed. Interestingly, the downregulation of genes traditionally related to implantation processes such as IGF1, bone morphogenetic protein 2 (BMP2), ITGA1, EGF-like fibronectin type III and laminin G domains (EGFLAL), and Dickkopf 1 homolog (DKK1) might explain, in part, the lack of implantation success [36, 37] .
Recently, two studies detected the fact that mouse reexpanded blastocysts, previously frozen and cultured in vitro for 6 h, had between 115 and 288 altered genes [16, 17] . Similar pathways are shared between those results and ours, such as cell cycle, regulation of actin cytoskeleton, apoptosis, immune response, and Wnt signaling pathway. Moreover, Wang et al. [17] also detected a downregulation of Dkk1, a member of the Dkk family that plays a crucial role in uterine receptivity during window implantation. Moreover, it has been observed that injection of Dkk1 antisense oligonucleotide into the mouse uterine horns on Day 3 of pregnancy inhibits embryo implantation [38, 39] . In the list of differentially expressed genes in viable frozen embryos, glutathione S-transferase (GSTO1), a DnaJ member (DNAJB7), and Rho family GTPase3 (RND3) are also present. Mamo et al. [40] observed altered regulation of these three genes in 3-day-old vitrified mouse embryos. Therefore, it would be interesting to study whether these alterations are already present in 3-day-old frozen rabbit embryos before transfer.
The full cryopreservation procedure involves several embryo manipulations such as in vitro handling, exposure to toxic concentrations of cryoprotectants, and transfer to another maternal tract. In this study, we analyzed all the effects of these associated manipulations together, so further research could clarify the role of individual factors in the altered gene expression and development.
It is important to note that our fold change values are very low, but we were not surprised by these slight differences, because we are working with a pool of frozen embryos, some of which might finally reach the end of pregnancy (being more similar to those in the control group) and others that would not because of alterations. As Huang et al. [41] suggested, small changes in gene expression can entail large effects on embryo development, and molecular differences between both types of embryos could be found at different levels from mRNA transcript abundance. Although cDNA analysis could improve mRNA EXPRESSION IN RABBIT EMBRYOS AFTER FREEZING our understanding of many processes, data generated are insufficient to explain complex cellular systems and often fail to reflect the influence of epigenetic changes, micro-RNA silencing, posttranscriptional modifications, or protein interactions [41, 42] . Further analysis could find out which of the 70 transcript alterations observed goes one step beyond and has direct consequences on embryo physiology due to a change at the protein level.
In conclusion, findings of the current study show that slow freezing process affects late blastocyst development, implantation, and birth rates. Moreover, significantly different expression levels of 70 genes were observed between frozen and fresh control embryos at Day 6 of development, just at the point when the implantation process began; so, specific studies in those 70 genes and their interactions should help us understand the deficiencies that might hinder peri-implantation development and identify the repair mechanism used by embryos to overcome them.
